Purpose: This study determines which clinical features predict positive test results among samples submitted for DNA-based diagnostic nevoid basal cell carcinoma syndrome (NBCCS) testing, and further defines the mutational spectrum of the PTCH gene. Methods: DNA was extracted from peripheral blood leukocytes, and polymerase chain reaction products from exons 1 to 23 of the PTCH gene were directly sequenced. Pedigree phenotypic information was obtained by written questionnaire. Results: Among 106 presumably unrelated pedigrees, 44 independent mutations were found in 47 families. There were 11 nonsense mutations; 1 in-frame deletion; 17 deletions, 6
Nevoid basal cell carcinoma syndrome (NBCCS), also known as Gorlin syndrome or basal cell nevus syndrome (BCNS), is an autosomal dominant disorder that is characterized by a predisposition to neoplasms and developmental abnormalities. NBCCS has essentially complete penetrance and highly variable expressivity both within and among families. 1 Systematic assessment of patients with NBCCS has demonstrated an excess of multiple basal cell carcinomas, odontogenic keratocysts, palmar and plantar epidermal pits, calcification of the falx cerebri, spine and rib anomalies, relative macrocephaly, frontal bossing, facial milia, ocular malformations, medulloblastomas, cleft lip and/or palate, and other neoplasms and developmental malformations in the syndrome. [2] [3] [4] [5] Basal cell carcinomas in patients with NBCCS tend to occur at younger ages and in greater numbers than in patients who have sporadic basal cell tumors. [2] [3] [4] The prevalence of NBCCS has been estimated to be from 1 in 57,000 6 to 1 in 164,000. 3 NBCCS is caused by inactivating mutations in the human homolog of the Drosophila segment-polarity gene patched (PTCH). 7, 8 Nonsense, frameshift, in-frame deletions, splicesite, and missense mutations all have been described in the syndrome. Most mutations are expected to result in the production of truncated proteins. Reported mutations are scattered throughout the coding region. There have been few recurrent mutations and no genotype-phenotype correlations described. 9 Tumors in the syndrome arise with loss of both copies of PTCH in accordance with the two-hit model of Knudson. 10 Typically, a germline point mutation or small deletion in PTCH combines with somatic loss of the wild-type PTCH allele through gross chromosomal mechanisms. Sporadic basal cell carcinomas also arise with loss of PTCH. 7, 8, [11] [12] [13] In addition, some randomly occurring developmental abnormalities, such as bifid ribs and jaw cysts, may be generated through a two-hit mechanism. 14 Other generalized or symmetric NBCCS developmental abnormalities such as overgrowth, macrocephaly, and facial dysmorphology are believed to be the product of PTCH haploinsufficiency.
PTCH has been mapped to chromosome 9q22.3. The 34 kb gene contains 24 exons and encodes a 1447 amino acid glycoprotein. The PTCH protein has 12 transmembrane domains, with two extracellular loops that bind the "Hedgehog" signaling proteins. The region of the gene that includes transmembrane domains 2 through 6 is homologous to the sterol sensing domains of other proteins. 15 The most widely expressed Hedgehog protein in mammals appears to be "Sonic" Hedgehog. In its unbound state, PTCH constitutively inhibits the activity of an affiliated G protein-coupled-like receptor referred to as Smoothened. Hedgehog binding releases the inhibitory action of PTCH on Smoothened, producing downstream activation of the Hedgehog pathway. 7, 8, [15] [16] [17] [18] Loss of function of both PTCH alleles causes over-activation of the Hedgehog pathway, with consequent dysregulated cellular growth and differentiation.
Although patients with NBCCS can often be diagnosed on the basis of clinical findings, genetic tests that identify PTCH mutations are useful in many situations. This testing can be used to confirm the diagnosis in patients in whom NBCCS is suspected, to establish the diagnosis in patients at risk for the disease and for family planning, prenatal, and preimplantation diagnostic purposes. Because patients with NBCCS are predisposed to neoplastic disease, patients who have or are at risk for the syndrome are advised to undergo regular surveillance. Monitoring for jaw cysts and preventive activities such as avoidance of sunlight and radiation therapy are also recommended. 4 In families in whom a mutation has been identified, individuals who test negative for that mutation can avoid the stress and expense of monitoring, and can be reassured that they will not pass on NBCCS to their progeny. Because as many as 50% of patients with NBCCS appear to have new mutations, PTCH mutation testing is helpful in diagnosing children who have features suggestive of NBCCS but no family history of the syndrome.
In this study we report the results of clinical PTCH testing in a DNA diagnostic laboratory, including data that can assist patient counseling and help direct appropriate test ordering. We also describe 36 previously unreported mutations and three variants of unknown significance.
MATERIALS AND METHODS

Participants
From February 1997 to May 2005, blood samples from 143 individuals representing 106 pedigrees were tested in the Yale DNA Diagnostic Laboratory for mutations in PTCH.
Clinical surveys
A request for clinical information, including patient and family history, was included as a part of our laboratory's sample requisition form. In addition, a one-page patient and family history questionnaire was mailed to the referring physician or genetic counselor for each patient about whom sufficient clinical information did not accompany the submitted blood sample. Physicians and/or genetic counselors were questioned specifically about the presence of basal cell carcinomas; palmar pits; jaw cysts; calcification of the falx cerebri; rib or spine abnormalities; medulloblastoma; cleft lip and/or palate; polydactyly; ovarian fibroma; cardiac fibroma; cataract, coloboma, and other ocular anomalies; and agenesis of the corpus callosum and other neurologic abnormalities. These features were selected because of their frequencies in NBCCS, relative ease of objective assessment, and/or discriminatory ability. Blank space in the questionnaire was also provided for additional information and family history.
Mutation testing
Genomic DNA from peripheral blood leukocytes was extracted using standard methods. 19, 20 DNA sequence abnormalities were identified by polymerase chain reaction amplification and sequencing of the coding exons of the PTCH gene, including three alternate splice forms of exon 1, and exons 2 to 23 with corresponding intron-exon junctions (primers listed in Table 1 ). All mutations were confirmed by bidirectional sequencing or by the use of restriction enzyme digests for mutations that were predicted to alter restriction sites. Potential splice-site mutations were analyzed using the splice-site predictor programs at http://www.fruitfly.org or http://125. itba.mi.cnr.it/ϳwebgene/wwwspliceview.html. In-frame deletions and missense mutations were judged probably deleterious if they were not found in 100 unaffected individuals, altered highly conserved amino acids, and segregated with the disease in those cases for whom more than one affected family member was available for study. Once a disease-causing mutation was identified in a family, additional family members were tested by direct sequencing or restriction enzyme digestion.
Statistical analysis
The statistical significance of differences in the proportions of patients testing positive for PTCH mutations among various phenotypes was assessed using the chi-square test or Fisher exact test. The mean ages of patients testing positive and negative for PTCH mutations were compared using a two-sided t test.
RESULTS
Among 106 presumably unrelated pedigrees, 44 independent mutations were found in 47 kindreds ( Table 2) . Fifty-six families tested negative for PTCH mutations. In three families variants of unknown significance were identified. These variants included nonsynonymous base pair substitutions in exons 6 and 19, and a C¡A change in nucleotide 94 of exon 1 (GenBank U43148.1), which to date has not been shown to be coding. One previously reported mutation in codon 135 of exon 3, CGA¡TGA, was seen in four pedigrees. Four mutations were intronic splice-site mutations. There were 11 nonsense mutations; 1 in-frame deletion; 17 deletions, 6 insertions, and 1 deletion-insertion that generated frameshifts; 5 splice-site mutations; 1 in-frame duplication; and 2 presumptive missense mutations.
A presumed missense mutation G509D has been reported in an affected Japanese patient. There is strong evidence that this amino acid substitution is a causative mutation based on the report of another putative missense mutation in this codon, G509V; the absence of the G509D mutation in the 105 other pedigrees that we clinically tested for NBCCS; a failure to detect the mutation in 108 unrelated, unaffected Japanese chromosomes and 84 African American chromosomes; the location of this glycine residue in a critical sterol sensing domain (fourth transmembrane domain); and its high evolutionary conservation. 21 The second apparent missense mutation identified in our study population, P593R, also is located within the PTCH sterol sensing domain in the sixth transmembrane domain.
Most mutations were unique and scattered throughout the coding sequence in a manner that was approximately proportional to exon size (Table 3) . No mutations were found in eight exons, including the three alternate splice forms of exon 1 and exon 23, the largest coding exon (540 base pair coding region). The largest number of mutations was found in exon 2, 6 which contains 193 base pairs. Mutations involving the same six codons of exon 2 are described in the PTCH Mutation Database (http://www.cybergene.SE/cgi-bin/w3-msql/ptchbase/ index.html). This database also reports a limited number of mutations in exon 23. Although a predominance of exon 2 mutations does not appear to be present in the PTCH Mutation Database, overall our data seem to be consistent with the mutation spectrum reported there. The reason for an apparent relative paucity of mutations in exon 23 in both sets of data is unclear, and it is difficult to draw meaningful conclusions from the fairly small number of mutations that have been reported.
Detailed clinical information was obtained for 28 pedigrees that tested positive for PTCH mutations and 44 pedigrees that tested negative, a statistically significant difference (P ϭ .009). This discrepancy may reflect privacy concerns among some providers who were reluctant to retrospectively provide clinical information about pedigrees with known disease-causing 1 One pedigree consisted of two affected siblings, each of whom had the same 21 base pair deletion in exon 9 of PTCH. The deletion was not found in peripheral blood leukocyte DNA of either parent, indicating that one parent is a gonadal mosaic for the mutation. Gonadal mosaicism for a PTCH mutation has been reported in NBCCS. 9 Although it is not common, this finding indicates that siblings of sporadic patients still carry some risk of having the syndrome.
Among pedigrees testing positive for PTCH mutations, all had more than one typical NBCCS characteristic that was included in our questionnaire, and 23 of 28 positive pedigrees had three or more typical features of the disease (Table 4) . Conversely, the pedigrees most likely to test positive for PTCH mutations had multiple features of NBCCS. Twenty-seven of 46 pedigrees (58.7%) with two or more typical radiographic or pathologic features of NBCCS tested positive for PTCH mutations.
Jaw cysts were reported in most of the PTCH-positive pedigrees that we tested. Of the 28 positive pedigrees, 26 had jaw cysts in combination with other features of the syndrome (Tables 5 and 6 ). Both of the two positive pedigrees without jaw cysts consisted of sporadically affected young children who c In-frame deletions, duplications, and missense mutations were judged deleterious if they were not found in 100 unaffected individuals, altered highly conserved base pairs, and segregated with the disease in those cases for which more than one affected family member was available for study. d Changes in invariant bases (AG preceding exons and GT following exons) were assumed to affect splicing. All other changes were predicted to affect splicing by the splice site predictor programs at http://www.fruitfly.org or http://125.itba.mi.cnr.it/ϳwebgene/wwwspliceview.html. The mutation in the last base of exon was assumed to affect splicing based on the preceding criteria. e Mutation is in the last nucleotide of exon 10. would not yet have been expected to develop this manifestation, but had at least three other features of the syndrome. Nevertheless, it should be noted that PTCH mutations were not found in any of the four pedigrees with jaw cysts alone. Of the PTCH-positive pedigrees only 12 of 28 (42.9%) reported having basal cell carcinomas (Table 5 ), whereas 31 of 44 (70.5%) of the PTCH-negative pedigrees had basal cell carcinomas. When 13 pedigrees that had basal cell carcinomas without other features of NBCCS (see below) were excluded from this analysis, 18 of 31 (58.1%) of the PTCH-negative pedigrees had basal cell carcinomas. The relatively limited proportion of PTCH-positive families with basal cell carcinomas is a reflection of the age of our test population, because many individuals were tested before basal cell carcinomas were likely to have developed. The high proportion of basal cell carcinomas in the PTCH-negative pedigrees is largely the result of referrals of patients with basal cell carcinomas who lack other features of NBCCS.
Notably, none of the 13 pedigrees affected by multiple or early-onset basal cell carcinomas without other manifestations of NBCCS tested positive for PTCH mutations. (One pedigree with only basal cell carcinomas consisted of a sole patient in whom a variant of unknown significance was found.) Extreme phenotypes were found among members of these pedigrees, including 22-and 26-year-old patients with 40 and 60 basal cell carcinomas, respectively, a 53-year-old woman who had developed 200 basal cell carcinomas, and a 61-year-old man with 100 basal cell carcinomas (Fig. 1) .
DISCUSSION
Molecular testing for PTCH mutations can be an important diagnostic tool in the evaluation of patients at risk for or suspected of having NBCCS. The age-related penetrance of many NBCCS features makes DNA-based testing especially useful for young children. Physical examination is likely to be unrevealing in children aged less than 10 years, and it is unlikely that the combination of physical examination plus diagnostic x-ray films is more cost-effective than DNA-based testing.
Surveillance recommendations for patients with NBCCS include semiannual neurologic evaluation and annual magnetic resonance imaging of the head to detect medulloblastoma until age 8 years; dermatologic assessment for basal cell carcinomas from early childhood through adulthood; echocardiography for at-risk babies at birth and on clinical suspicion of cardiac fibroma; regular dental surveillance for jaw cysts from early childhood; and initial pelvic ultrasound for ovarian fibromas at the preteen stage with repeated examination if a patient becomes symptomatic. Patients should be advised to reduce ultraviolet light exposure because this may lessen the risk of basal cell carcinoma development. Radiation therapy should also be avoided if possible because of the dramatically increased risk of basal cell carcinomas and the heightened risk of formation of other tumors in the radiation fields. 2,4,23 A negative genetic test will spare at-risk patients from families with known mutations these costly and potentially traumatic surveillance and preventive measures. Approximately 40% of the 106 pedigrees tested in this study were found to have PTCH mutations. The relatively low percentage of PTCH-positive pedigrees appears to reflect the submission for testing of patients from pedigrees with variant phenotypes. Applying the NBCCS diagnostic criteria set forth by Evans and Farndon 23 to our test pedigrees, 25 of 39 (64.1%) pedigrees that met these criteria for NBCCS tested positive for PTCH mutations. Conversely, only 3 of 33 (9.0%) of pedigrees that would not be classified as having NBCCS using these criteria tested positive for PTCH mutations. All three such pedigrees consisted of sporadic patients. Two of these patients were newborns with multiple features of NBCCS, and the third was a 17 year old with multiple skeletal anomalies and jaw keratocysts. Results using the diagnostic criteria of Kimonis et al. 4 were similar, with 23 of 38 (60.5%) of the pedigrees meeting these criteria testing positive for PTCH mutations and only 5 of 37 (13.5%) pedigrees that would not be classified as having NBCCS testing positive for PTCH mutations.
Patients with pedigrees that displayed the classic features of NBCCS, but in whom we were unable to detect mutations, may have large deletions or other gross rearrangements that would not be detected by sequencing, or mutations in functionally important regions of the gene that lie outside the target sequences of our primer sets. For example, a putative fourth alternate splice form of exon 1 has recently been described. 24 Although large deletions encompassing PTCH have been seen, reported investigations suggest that they are extremely uncommon among patients with typical NBCCS. [7] [8] [9] Previously published mutational analyses of PTCH in patients with NBCCS have described a broad mutational spectrum among the PTCH-positive pedigrees, with most families having unique mutations. Most described mutations have been predicted to produce truncated proteins, and few missense mutations have been described. 9, 21, 25, 26 Our data are consistent with earlier reports.
In vitro functional studies of a mouse PTC protein containing a mutation analogous to G509V that were performed in a vertebrate cell line (PZA ptcϪ/Ϫ ) demonstrated significantly reduced pathway inhibition relative to the wild-type PTC. 18 In comparison, a mutation equivalent to G509V in Drosophila appears to act in a dominant-negative manner. However, this effect was not observed with another mutation in the same codon G509R, indicating that removal of the glycine residue alone is insufficient to produce dominant-negative function. 22 The apparent differences between the effect of the G509R mutation in fly and vertebrate systems may truly reflect a fundamental difference in PTC signaling between Drosophila and vertebrates, or may be an artifact of the experimental methods used. In either event, both studies support the pathogenicity of the G509V mutation and indicate a key role for this codon in PTCH functioning.
In our study, the presence of basal cell carcinomas was a relatively weak predictor of a positive test. This result is probably reflective of the age of our test population and clinician suspicion for NBCCS in patients with basal cell carcinomas and few or no other features of the syndrome. Of the 20 positive patients without basal cell carcinomas, 15 were aged less than 20 years (median age ϭ 9.5 years; mean age ϭ 13.9 years). The mean age of the 12 PTCH-positive patients with basal cell carcinomas was 24.6 years, with a median of 25.5 years. One half of these patients were more than 30 years old.
Notably, none of the 13 pedigrees affected by multiple or early-onset basal cell carcinomas without other manifestations of NBCCS tested positive for PTCH mutations. (One pedigree with only basal cell carcinomas consisted of a sole patient in whom a variant of unknown significance was identified.) Extreme phenotypes were found among members of these pedigrees (Fig. 1) , including 22-and 26-year-old patients with 40 and 60 basal cell carcinomas, respectively, a 53-year-old woman who had developed 200 basal cell carcinomas, and a 61-year-old man with 100 basal cell carcinomas.
It is difficult to explain the presentations of these pedigrees by fair skin and excessive sunlight exposure alone. The failure to find PTCH mutations in these patients could be the result of large PTCH deletions or transversions that would not be detected by sequencing, or mutations in functionally important intronic or noncoding regions that would not be identified by current test methods. Further, these patients may be mosaics, having PTCH mutations in the tumor-forming skin, but not in peripheral blood leukocytes. Mosaicism could be studied by analyzing the skin adjacent to basal cell carcinomas for PTCH mutations. A third explanation is that the patients have other syndromes associated with basal cell carcinomas, for example, Bazex-Dupre-Christol syndrome or Rombo syndrome, an autosomal dominant disorder characterized by vermiculate atrophoderma, milia, hypotrichosis, trichoepitheliomas, basal cell carcinomas, and peripheral vasodilation with cyanosis. 27 These syndromes can probably be distinguished clinically. Fourth, these PTCH-negative families may have mutations elsewhere in the Hedgehog pathway, for example, sporadic basal cell carcinomas that lack PTCH mutations often have smoothened mutations. Finally, it is possible that some of these kindreds have mutations in other cancer predisposition genes. Allelic loss of 4q, 1q, 15q, 17p, and 18q, among others, have been reported in some basal cell carcinomas, 10, 12, 28, 29 suggesting the presence of tumor suppressor genes in these regions. It is possible that germline mutations in these putative tumor suppressors underlie some cases of nonsyndromic hereditary basal cell carcinomas.
None of the eight pedigrees with the combination of basal cell carcinomas and palmar or plantar pits tested positive for PTCH mutations. This is surprising, because palmar pits are a frequent finding in NBCCS, and are relatively specific for the syndrome. Thus, one would expect to find PTCH mutations in a high proportion of pedigrees with this constellation of findings. However, true palmar or plantar pits can be difficult to diagnose clinically. The authors suspect that these data may reflect misdiagnosis of palmar or plantar pits in pedigrees that have basal cell carcinomas without other manifestations of NBCCS. Lesions resembling pits may occur in creases of normal palms, but these lesions lack characteristics of the pits in NBCCS. In particular, NBCCS-related pits are found in regions between creases and sometimes in the webbing between fingers. Characteristic of these pits is a red base in light-skinned people, and a dark brown or black base in heavily pigmented people. They are usually sand-grained size or larger.
This review represents an analysis of the characteristics and test results of all patients referred to our laboratory for clinical NBCCS testing during the study period. Although this method of ascertainment did not necessarily introduce bias into our results, we were more likely to obtain clinical information about PTCH-negative pedigrees than those that tested positive. This discrepancy may reflect the reluctance of providers who were retrospectively questioned to share clinical information about pedigrees with known disease-causing mutations, presumably because of privacy concerns. Another potential source of bias is created by the cost of PTCH mutation testing and a lack of insurance coverage for the testing among many patients. This could result in the testing of a greater proportion of nonobvious or ambiguous cases or children than is reflected in the actual population of patients with NBCCS. Also, the high prevalence of jaw cysts among PTCH-positive pedigrees may be a consequence of ascertainment bias. The presence of jaw cysts in an affected patient may have made it more likely that NBCCS was recognized. This could have resulted in more accurate clinical diagnoses in such patients and the disproportionate representation of jaw cysts within our PTCH-positive pedigrees.
Because our data are derived from patients whose blood samples were sent for clinical testing, as opposed to research subjects, we had little influence over the amount or quality of clinical information that we received about each pedigree. The lack of standardized clinical assessment of patients and pedigrees may have led to some inaccuracy in our data. For example, because our patients and pedigrees were not systematically evaluated in the way that they would have been assessed in a prospective study, it is likely that less easily recognized or less commonly evaluated features of NBCCS, such as calcification of the falx cerebri, ovarian fibromas, or even palmar pits, were understated among PTCH-positive patients.
Despite these limitations, the information we present has definite value for clinicians as a reflection of real-world experience. Although our data in some instances may have been limited, this is also true for clinicians who often receive incomplete family histories and frequently lack opportunities to systematically assess multiple family members of patients in whom they are considering the diagnosis of NBCCS.
